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ABSTRACT 46 
This study presents baseline data for future geochemical monitoring of the active Tacaná 47 
volcano-hydrothermal system (Mexico-Guatemala). Seven groups of thermal springs, 48 
related to a NW-SE oriented fault scarp cutting the summit area (4,100 m a.s.l.), 49 
discharge at the northwest foot of the volcano (1,500-2,000 m a.s.l.); another one on the 50 
southern ends of Tacaná (La Calera). The near-neutral (pH from 5.8 to 6.9) thermal (T 51 
from 25.7 to 63.0°C) HCO3-SO4 waters are thought to have formed by the absorption of 52 
a H2S/SO2-CO2 enriched steam into a Cl-rich geothermal aquifer, afterwards mixed by 53 
Na-HCO3 enriched meteoric waters originating from the higher elevations of the volcano 54 
as stated by the isotopic composition (δD and δ18O) of meteoric and spring waters. 55 
Boiling temperature fumaroles (89°C at ~3,600 m a.s.l. NW of the summit), formed after 56 
 3 
the May 1986 phreatic explosion, emit isotopically light vapour (δD and δ18O as low as -57 
128 and -19.9‰, respectively) resulting from steam separation from the summit aquifer. 58 
Fumarolic as well as bubbling gases at five springs are CO2-dominated. The δ13CCO2 for 59 
all gases show typical magmatic values of -3.6±1.3‰ vs V-PDB. The large range in 60 
3He/4He ratios for bubbling, dissolved and fumarolic gases (from 1.3 to 6.9 RA) is 61 
ascribed to a different degree of near surface boiling processes inside a heterogeneous 62 
aquifer at the contact between the volcanic edifice and the crystalline basement (4He 63 
source). Tacaná volcano offers a unique opportunity to give insight into shallow 64 
hydrothermal and deep magmatic processes affecting the CO2/3He ratio of gases: 65 
bubbling springs with lower gas-water ratios show higher 3He/4He ratios, and 66 
consequent lower CO2/3He ratios (e.g., Zarco spring). Typical Central American 67 
CO2/3He and 3He/4He ratios are found for the fumarolic, Agua Caliente and Zarco gases 68 
(3.1±1.6x1010 and 6.0±0.9 RA, respectively). The L/S (5.9±0.5) and (L+S)/M ratios 69 
(9.2±0.7) for the same gases are almost identical to the ones calculated for gases in El 70 
Salvador, suggesting an enhanced slab contribution as far as the northern extreme of the 71 
Central American Volcanic Arc, Tacaná.  72 
 73 
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Introduction 77 
Designing a monitoring program for a hydrothermal system at an active volcano requires 78 
its understanding during periods of quiescent degassing. Many of the ∼600 active 79 
volcanoes worldwide lack such a general insight. By applying fluid geochemical 80 
techniques, this study sheds light on one of those potentially dangerous volcanoes, 81 
Tacaná (Mexico-Guatemala, 4,100 m a.s.l., 15° 08´N, 92° 06´W). Currently, the activity 82 
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of Tacaná volcano is not monitored despite the fact that it is considered one of the 83 
potentially dangerous volcanoes in Mexico and Guatemala. Geochemistry of fumaroles 84 
and bubbling gases has been applied to predict volcanic unrest at other volcanoes (e.g., 85 
at Vulcano, Volcán de Colima, Panarea; Capasso et al. 1997, 1999, 2005a, Taran et al. 86 
2001, 2002a, Caracausi et al. 2005). At Tacaná bubbling gases are liberated from 87 
thermal springs at the foot of the large volcanic edifice (1,500-2,000 m a.s.l.), while 88 
fumaroles emit near the summit (~3,600 m a.s.l.). This rather uncommon situation could 89 
implicate that during future periods of enhanced magmatic activity, changes in the 90 
chemistry of bubbling gases could anticipate changes in chemistry of fumarolic gases.  91 
The present study interprets the first complete series of geochemical data for Tacaná 92 
hydrothermal fluids resulting in the delineation of a conceptual geochemical model, 93 
offering the necessary basis for adequate future volcanic surveillance. Due to its active 94 
state and the potential risk the volcano poses to the population, it is hoped that 95 
monitoring of Tacaná’s activity will commence in the near future and be not limited to 96 
fluid geochemistry. An additional scientific goal of this paper is calculating CO2/3He 97 
ratios, explaining deep magmatic and near-surface hydrothermal processes.  98 
 99 
Regional tectonics and volcanic history 100 
Tacaná volcano is situated in a tectonically complex and active zone, near the boundary 101 
between the North American and Caribbean Plates, defined by the left lateral Motagua-102 
Polochic Fault System (Fig. 1a). The volcano is the northernmost extreme of the Central 103 
American Volcanic Arc (CAVA thereafter) (Carr 1984). Discussion exists on the fate of 104 
the sediments along the Middle America Trench (MAT, Fig. 1a, Patino et al. 2000, 105 
Fischer et al. 2002, Hilton et al. 2002, Snyder et al. 2003, Zimmer et al. 2004, Li and 106 
Bebout 2005, Elkins et al. 2006, de Leeuw et al. 2007), but at the latitude of Chiapas-107 
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Guatemala, the oceanic sedimentary sequence essentially subducts (Carr 1984, Plank 108 
and Langmuir 1993, Valentine et al. 1997, Fischer et al. 2002).  109 
Tacaná volcano is a dome complex, situated inside a 9 km wide caldera, and rising 110 
>2,000 m above a crystalline granitic-granodioritic Tertiary basement (García-Palomo et 111 
al. 2006). Volcanic activity at Tacaná has consisted of periodic explosive eruptions 112 
during the last 42 ka (Espíndola et al. 1989, Macías et al. 2000, García-Palomo et al. 113 
2006). The main summit, an ∼80 meter high andesitic dome, is located inside an eroded 114 
∼600 meter wide crater, cut to the northwest by an abrupt fault scarp (Mora et al. 2004), 115 
resulting from a flank collapse. This event produced a ∼1 km3 highly permeable debris 116 
avalanche deposit, outcropping near Agua Caliente village as far as 5 km northwest of 117 
the volcano summit (Macías et al. 2004) (Fig. 1b). The Mixcun flow deposit was the 118 
result of a Peléan-style eruption from the San Antonio dome some 1,950 years B.P., and 119 
is considered the last significant magmatic event at Tacaná (Macías et al. 2000, Mora et 120 
al. 2004). This last event threatened the region to the south of the volcano, in direction of 121 
the present city of Tapachula (∼190,000 inhabitants). Historic activity of Tacaná has 122 
consisted of phreatic explosions (1855, 1878, 1949-1950 and 1986), which occurred at 123 
the Tacaná and San Antonio domes (Böse 1902, Mülleried 1951, Macías et al. 2000, 124 
García-Palomo et al. 2006).  125 
 126 
Hydrothermal manifestations and hydrology  127 
At present, Tacaná houses an active volcano-hydrothermal system, characterized by 128 
boiling point fumarolic activity (89°C) at ~3,600 m a.s.l. and thermal springs at the foot 129 
of the volcano (1,500-2,000 m a.s.l.). Fumarolic activity was reactivated on 8 May 1986 130 
following a seismic swarm and a small phreatic explosion at heights near 3,600 m a.s.l. 131 
on the northwest flank of Tacaná (Martini et al. 1987, De la Cruz-Reyna et al. 1989). 132 
This fumarolic field is bordered to the northeast by a ~40-m-high steep wall, which is 133 
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the surface manifestation of the NW-SE trending fault scarp passing through the summit 134 
area (Macías et al. 2004). Fumarolic activity is mainly concentrated within two 135 
explosion craters (diameter ~15 m) to the south of the field. The summit dome does not 136 
manifest fumarolic activity. Boiling temperature vapours are diffusely emitted at the 137 
southwestern San Antonio dome (∼3,800 m a.s.l., FSA in Fig. 1b) (Mülleried 1951). 138 
These fumaroles are strongly contaminated by air and not considered further in terms of 139 
chemical composition. At ∼3,900 m a.s.l. (Table 2), to the southwest of the summit, two 140 
meteoric water lakes can be found (Fig. 1b).  141 
Tacaná volcano has a dense river network with all thermal and cold springs draining 142 
towards the Pacific Ocean (Fig. 1b). Main rivers can have discharges as high as ~800 143 
kg/s (e.g., Río Toquián, Table 1). To the northwest of the volcanic edifice seven thermal 144 
springs (Toquián (1), Agua Caliente (2), Orlando (3), Agua Tibia (4), Barillas (5), Zarco 145 
(6) and Zacarías (7)) discharge into the Coatán River (Fig. 1b). The discharge (Q) of 146 
thermal springs is highly variable: Zacarías (<0.5 kg/s) ≤ Orlando (<0.5 kg/s) < Agua 147 
Tibia (<1 kg/s) ≤ Agua Caliente (~1 kg/s) <  Zarco (~ 2 kg/s) < La Calera (~3 kg/s) < 148 
Toquián (~5 kg/s) << Barillas (>40 kg/s) (Table 1). The total discharge of 29-63°C 149 
thermal water at Tacaná is >50 kg/s, coinciding with an estimated total geothermal 150 
capacity of >9 MW. The geographical position of the thermal springs seems to be related 151 
with the same NW-SE trending fault scarp and the Agua Caliente debris avalanche 152 
deposit (Macías et al. 2004). The Agua Caliente and the southern La Calera (8) springs 153 
bubble vigorously, while bubbling at Toquián, Orlando and Zarco springs is less intense. 154 
No bubbling occurs at Agua Tibia, Barillas and Zacarías springs. Several cold springs 155 
are located at altitudes up to 3,000 m a.s.l. (e.g. Santa María and Papales springs, Fig. 156 
1b). 157 
 158 
 159 
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Sampling and analytical methods 160 
The La Calera spring was sampled in April and November 1997, February 2003 and 161 
February 2005. The Agua Caliente spring has been sampled for the first time since 1993 162 
(Armienta and De la Cruz-Reyna 1995), in February 2003 and later in March 2005, 163 
together with six other nearby springs (Toquián, Orlando, Agua Tibia, Barillas, Zarco 164 
and Zacarías). The temperature, pH, and Eh were directly measured in the flowing 165 
spring. Spring water samples were taken in triplicates, filtered and acidified (for cation 166 
analyses), and stored in polyethylene bottles. The major dissolved species content in 167 
thermal waters were obtained by liquid chromatography (accuracy ±2%). Bicarbonate 168 
concentrations were measured by titration with 0.1N HCl. The SiO2 contents were 169 
obtained by spectrophotometry from diluted aliquots.  170 
The fumaroles and bubbling gases were sampled using standard techniques as compiled 171 
by Giggenbach and Goguel (1989). Dissolved gases were collected as a water sample in 172 
a glass bottle, tightly sealed in the field with an aluminium-rubber stopcock to avoid any 173 
air contamination (Capasso and Inguaggiato 1998). 174 
All gases were analyzed by means of a Perkin-Elmer 8500 gas chromatograph using 175 
argon as the carrier gas passing through a 4m 5A Carbosieve S II column. Argon 176 
concentrations were obtained using He as the carrier gas and an Altech CT III column. 177 
The composition of dissolved gases was analyzed using the method of equilibrium 178 
degassing (e.g., Capasso and Inguaggiato 1998), based on the equilibrium partition of 179 
gases between a liquid and a gas phase after introducing an inert host gas (Ar).  180 
Hydrogen and oxygen isotopic values of waters and fumarole condensates were obtained 181 
by mass-spectrometry (Finnigan-MAT 253). Accuracies for δD and δ18O are ±1‰ and 182 
±0.1‰ vs V-SMOW, respectively.  183 
The 3He/4He ratios were measured by a static vacuum double collector VG Masstorr FX 184 
(error ±1%) and the 4He/20Ne (further He/Ne) ratio by a quadrupole mass spectrometer 185 
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VG Masstorr FX (accuracy ±5%). The error in the determination of 3He/4He ratios for 186 
3He-rich gases (e.g., volcanic gases) is reduced to values lower than 0.1%, and are 187 
expressed relative to the atmospheric 3He/4He ratio (RA) of 1.40x10-6, afterwards 188 
corrected for atmospheric contamination following Sano et al. (1987). 3He/4He ratios of 189 
dissolved He were detected applying the method described by Inguaggiato and Rizzo 190 
(2004). Carbon isotopic values of CO2 and Total Dissolved Inorganic Carbon (TDIC 191 
thereafter), obtained using a Varian Mat 250 mass spectrometer, are expressed in δ‰ vs 192 
V-PDB with an accuracy of ±0.15‰ (Capasso et al. 2005b).  193 
 194 
Results and discussion  195 
Chemical composition of thermal waters 196 
 197 
Medina (1986) presented the 1985 pre-eruption data on thermal spring chemistry, though 198 
sampling sites are poorly described which makes a comparison with the here presented 199 
data insecure. Partial data (SO4, HCO3, Mg, Fe and B concentrations only) on the 200 
chemical composition of the Agua Caliente thermal spring during the period 1986-1993 201 
is presented by De la Cruz-Reyna et al. (1989) and Armienta and De la Cruz-Reyna 202 
(1995). The 1986 pre-eruption sulphate increase from 215 to 1,225 mg/l is interpreted by 203 
De la Cruz-Reyna et al. (1989) as a possible precursor for the May 1986 phreatic 204 
explosion; afterwards (1986-1993) the sulphate content has fluctuated from 840 to 1,000 205 
mg/l. Post-eruption bicarbonate content in Agua Caliente waters (1986-1993) ranges 206 
from 640 to 1,050 mg/l (Armienta and De la Cruz-Reyna (1995). Rouwet et al. (2004) 207 
presented the first data on the February 2003 samples. The chemical composition of 208 
thermal spring waters during the period 1997-2005 is presented in Table 1. Temperature 209 
is positively correlated with the Total Dissolved Solids (TDS thereafter) and three 210 
groups can be distinguished (Fig. 2): (A) high temperature (>44°C) thermal springs with 211 
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TDS >2,750 mg/l (Toquián, Agua Caliente and Orlando springs), (B) medium 212 
temperature (T = 30-45°C) thermal springs with TDS <1,400 mg/l (Agua Tibia, Barillas, 213 
Zarco and Zacarías springs), and (C) La Calera springs with relatively high TDS (up to 214 
1,870 mg/l) for its lower temperature (25.7-29.3°C), compared to the other springs. 215 
Group A and B thermal waters clearly show a separate trend (Fig. 2). The same 216 
subdivision can be noted in Fig. 3: Group A waters are enriched in Cl with respect to 217 
Group B and C waters, and Group C waters contain more HCO3 (Fig. 3a) and SO4 (Fig. 218 
3b) compared to both other groups. Additionally, Group A and B thermal waters can be 219 
classified as Na-K-type waters (Fig. 4a), while Group C springs are enriched in Na, Ca 220 
and Mg (Fig. 4b). All spring waters can be interpreted as a mixture of two main end-221 
members: a shallow diluted Na-HCO3 water (modified meteoric water with >100 mg/l 222 
HCO3 (Fig. 3a) and ~20 mg/l Na (Fig. 4a and b) and a SO4-HCO3 enriched water. The 223 
chemical composition of the hypothetical meteoric end-member corresponds to that of 224 
the Santa María cold spring, near the La Calera spring group (Fig. 1b), which has similar 225 
HCO3 (141 mg/l) and Na (19 mg/l) contents (Fig. 3a and 4b, Table 1). The relatively 226 
high Cl contents (up to 543 mg/l), especially in the Group A waters (Table 1), suggest 227 
the involvement of a neutral Cl-rich deep geothermal aquifer. Sulphate-bicarbonate 228 
springs are common at the periphery of volcano-hydrothermal systems (e.g., Nevado del 229 
Ruíz and Galeras (Colombia), Miravalles-Guanacaste (Costa Rica), Pinatubo 230 
(Philippines), Zaō (Japan), Karymsky (Kamchatka) (Sturchio et al. 1988, Pilipenko 231 
1989, Giggenbach et al. 1990, Giggenbach and Corrales Soto 1992, Delfin et al. 1996, 232 
Fischer et al. 1997, Ishikawa et al. 2007). We conclude that the SO4-HCO3 water will 233 
probably originate from the absorption of a H2S/SO2-CO2 enriched steam into a deep 234 
neutral Na-Cl geothermal aquifer, mixed with a Na-HCO3 enriched meteoric water.  235 
 236 
 237 
 10 
δ18O and δD of thermal waters and fumarole condensates 238 
Thermal waters 239 
 240 
The δ18O-δD diagram (Craig 1961) points out that all thermal waters, as well as 241 
fumarole condensates have a meteoric origin (Fig. 5a and Table 2). The shift to more 242 
negative δ18O values with respect to the Meteoric Water Line (MWL) for La Calera 243 
waters (8) (Fig. 5b), might be the effect of (1) an isotopic exchange with CO2 at 244 
relatively low temperatures, or (2) the formation of clay minerals preferentially 245 
incorporating 18O (Taran et al. 1998). Goff et al. (1995), Vuataz and Goff (1986), Adams 246 
(1996) and Taran et al. (1986) observed this trend for condensates of fumaroles, 247 
indicating that, in the Tacaná case, the La Calera thermal spring waters might partly be a 248 
vapour condensate, coinciding with the generative process of the HCO3-SO4 waters. 249 
This explanation is also supported by the higher relative bicarbonate content at La 250 
Calera and the high dissolved CO2 content (see below). The Group A and Barillas (5), 251 
Zarco (6) and Zacarías (7) springs show a positive δ18O shift of 1 to 2‰, which is 252 
probably due to water-rock interaction processes (WRI in Fig. 5b). Fractionation by 253 
evaporation processes for the Group A thermal spring waters is not excluded, although 254 
not particularly clear with the current data set (Fig. 5b). 255 
Fig. 6 testifies a negative correlation between δD and Cl. Contrarily, thermal spring 256 
waters at many volcanoes show a positive correlation between δD and Cl, suggesting 257 
that the water, as well as the major anion species, have a common magmatic origin (e.g., 258 
Taran et al. 2001), or that residual fluids in geothermal aquifers become more saline and 259 
isotopically heavier due to steam separation processes (Ohba et al. 2000). Additionally, 260 
two separate trends can be noticed in Fig. 6 for Group A and B waters, confirming the 261 
presence of two independent aquifers feeding the two northwest thermal spring groups. 262 
The Group B and C aquifers are less saline and the meteoric recharge area is only ~400 263 
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to ~950 m higher than the spring outlet, taking into account the calculated gradient for 264 
δD of 1.6‰ per 100m of elevation difference. The Group A thermal springs tap a more 265 
saline and isotopically lighter aquifer, originating from infiltrating meteoric water from 266 
the highest elevations of Tacaná (∼3,000 m a.s.l., Papales spring, Table 2). A 267 
contribution of condensed steam can additionally lower the isotopic composition. 268 
Infiltration of meteoric waters from higher elevations is also observed by Giggenbach et 269 
al. (1983) for geothermal discharges in the northwestern Himalaya (India), by 270 
Giggenbach et al. (1990) at Nevado del Ruíz volcano, and by Sturchio et al. (1993) at 271 
Puracé volcano (both in Colombia). 272 
 273 
Fumarole condensates 274 
 275 
The δD and δ18O of fumarole condensates in the June 2003 and March 2005 samples are 276 
extremely negative, varying in the range from -110 to -128‰ for δD, and  from -15.5 to 277 
-19.9‰ for δ18O (Table 2 and Fig. 5a). Such an isotopic composition for fumarole 278 
condensates is the result of fractionation processes between water and steam during 279 
boiling at high elevations (boiling T at 3,500 m a.s.l. is 87°C). Assuming the isotopic 280 
composition of the meteoric lake water (~3,900 m a.s.l., δD = -94‰ and δ18O = -13.2‰) 281 
as representative for the summit meteoric water (Table 2), the δD and δ18O isotopic 282 
composition for hypothetically resulting fumarolic steam, calculated using the Horita 283 
and Wesolowski (1994) equations at 89°C, is -123‰ and -18.6‰, respectively (arrow 284 
marked “Steam separation” in Fig. 5b). These values fit well within the range in δD and 285 
δ18O obtained in this study (Table 2). The ephemeral pool observed at the fumarolic field 286 
in June 2003 contained mainly fumarole condensate (Table 2). It can be concluded that 287 
the boiling aquifer feeding the northwest fumaroles is probably a mixture of meteoric 288 
waters infiltrating from the highest elevations of the volcanic edifice. Such an extremely 289 
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light isotopic composition of meteoric waters and fumarole condensates is rather 290 
exceptional, though not unique. The firn of Mt. Rainier (USA, 46°51’05’’N-291 
121°45’14’’W at 4,390 m a.s.l.) shows an even lighter isotopic composition of δD = -292 
150‰ and δ18O = -20.4‰, leading to an isotopic composition of fumarole condensates 293 
of δD = -187‰ and a δ18O = -27.3‰ (Zimbelman et al. 2000).  294 
 295 
Chemical composition of Tacaná gases 296 
Fumarolic gases 297 
 298 
The chemical composition of fumarolic gases is presented in Table 3. Previous data by 299 
Medina (1986) and Martini et al. (1987) are compiled, recalculated to mol% 300 
concentration units and corrected for air contamination (oxygen content), to provide a 301 
comparison with our June 2003 and March 2005 data. It can be noticed that the June 302 
2003 gases have lower water concentrations (H2O ∼880 mmol/mol, Table 3) than in 303 
1986. On the dry gas basis our data differ from the one by Martini et al. (1987) by 304 
having a significantly higher N2 content and slightly lower H2 content. The fumarolic 305 
vents in 2003 and 2005 had a high enough pressure (steam jets), but it is quite probable 306 
that they became air contaminated inside the fumarolic conduit at shallow levels. 307 
Despite a relatively low O2 content in the headspace of “Giggenbach bottles”, with 308 
respect to N2, the He/Ne ratio was <1 (Table 5) indicating a major air contribution. The 309 
N2/Ar ratios (106 and 110) for fumarolic gases sampled in June 2003 are notably higher 310 
than the N2/Ar ratio of 83.6 in air, indicating an additional non-atmospheric N2 source, 311 
typical for arc volcanoes (Table 3). The N2/Ar ratios shortly after the formation of the 312 
NW fumarolic field in 1986 were significantly higher (from 920 to 1,320; Medina 1986), 313 
indicating that the present fumaroles are more affected by atmospheric gases.  314 
 315 
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Bubbling gases  316 
 317 
Bubbling gases were sampled for the first time from five thermal springs (Toquián, 318 
Agua Caliente, Orlando, Zarco and La Calera) in February 2003, and later in March 319 
2005. Their chemical composition is presented in Table 3. As for the fumarolic gases, all 320 
these gases are CO2-dominated. Their helium concentrations are similar to those of the 321 
fumarolic gases (on a water-free basis). The N2/Ar ratios are generally well above the 322 
value of air saturated water (ASW thereafter, ~36.8) and air (83.6) and range between 86 323 
and 306 (Table 3). In 2005, the N2/Ar ratio at the Toquián (1) and Zarco (6) springs  are 324 
significantly lower than in 2003 (Table 3), indicating a strong air-ASW contribution in 325 
2005. Excluding a possible sampling artefact, this drastic change may be due to the fact 326 
that the Toquián and Zarco springs are weakly bubbling and their gases thus more 327 
subjected to meteoric factors such as rainfall introducing a fresh ASW component to 328 
deeper levels. This effect is not observed for the vigorously bubbling springs La Calera 329 
and Agua Caliente.  330 
 331 
Dissolved gases  332 
 333 
Dissolved gas concentrations in thermal waters were measured in the February 2003 334 
samples (Table 4). These gases are also CO2-dominated and contain He, CO, N2, and 335 
CH4 in minor amounts. Dissolved CO2 concentrations are higher in Group A than in 336 
Group B thermal spring waters, but it is the bicarbonate-enriched and vigorously 337 
bubbling La Calera spring that has the highest dissolved CO2 contents (28.4 mmol/kg). 338 
In Table 4 the saturation concentrations for CO2 and N2 are shown for comparison. 339 
These values were calculated using the Henry’s law constants from the Plyasunov and 340 
Shock (2003) database at a total pressure corresponding to the elevation and temperature 341 
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for each spring. By comparing the measured concentrations of dissolved CO2 and N2 342 
with the calculated saturation concentrations, it is noticed that dissolved CO2 is close to 343 
saturation in most of the bubbling springs (Toquián, Agua Caliente, Orlando and La 344 
Calera). On the other hand dissolved nitrogen is removed efficiently from the spring 345 
water at the most vigorously bubbling springs La Calera and Agua Caliente, as proven 346 
by the low dissolved N2 contents in these waters (Table 4). Logically, the contrary is true 347 
for the less or non-bubbling springs, where dissolved CO2 is far from and N2 close to 348 
saturation.  349 
 350 
Helium and carbon isotopes  351 
3He/4He: Tacaná within the CAVA 352 
 353 
The helium isotope composition of fumarole, bubbling and dissolved gases are presented 354 
in Table 5. For bubbling gases, all but the 3He/4He ratios for the La Calera gases do not 355 
vary significantly with time, though show a rather large range from 3.8 to 6.9 RA for the 356 
volcano as a whole (Table 5). A large range in 3He/4He ratios often occurs along entire 357 
volcanic arcs (e.g., van Soest et al. 1998, Pedroni et al. 1999, Jaffe et al. 2004). The 358 
lower 3He/4He ratios, found at the weakly bubbling Toquián and Orlando springs (from 359 
3.8 to 4.6 RA), probably result in the first place from a major contribution of radiogenic 360 
4He, abundant in the crystalline basement beneath Tacaná (Fig. 7). The importance of an 361 
enhanced 4He contribution is marked by the low 3He/4He ratios for dissolved gases in the 362 
non-bubbling springs Agua Tibia, Barillas and Zacarías (from 1.3 to 1.8 RA, Table 5). 363 
Temporal variations in 3He/4He ratios with a high 4He contribution sometimes occur at 364 
bubbling springs in old volcanic provinces (Yokoyama et al. 1999, Du et al. 2005).  365 
Peculiarly, the vigorously bubbling La Calera spring demonstrates a variable 3He/4He 366 
ratio with time (5.7 RA in 2003 vs 2.6 RA in 2005), despite its similar He/Ne ratios (4.2 367 
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in 2003 vs 3.7 in 2005, Table 5). This could indicate a variable gas-water-basement 368 
interaction with time in a sensitive aquifer feeding these springs.  369 
Although the He/Ne ratios for the fumarolic gases are low (<1), indicating a significant 370 
atmospheric contribution, the corrected 3He/4He ratios of 5.1 to 6.6 RA can be accepted, 371 
as similar high values were found for the less air-contaminated bubbling gases (e.g., 6.2 372 
RA and 6.9 RA at the Agua Caliente and Zarco springs, respectively). The 3He/4He ratios 373 
for the most purely magmatic gases (fumaroles, Agua Caliente and Zarco springs) vary 374 
in the range 6.0±0.9 RA (Fig. 7), corresponding to the range for gases at volcano-375 
hydrothermal systems along the CAVA (5.97±1.44 RA, Hilton et al. 2002), and at 376 
volcanic arcs worldwide (5.37±1.87 RA, Hilton et al. 2002). These values are lower than 377 
MORB-like 3He/4He ratios (8±1 RA, Poreda and Craig 1989) (Fig. 7). Examples of 378 
3He/4He ratios for volcanic and geothermal gases within the Transmexican Volcanic Belt 379 
and the neighbouring El Chichón volcano (Chiapas, Mexico) are also compiled (Fig. 7, 380 
Polyak 2000, Taran et al. 2002b, Varley and Taran 2003, Rouwet 2006).  381 
The general negative correlation between 3He/4He ratios and the distance from the main 382 
degassing area of large volcanoes (Sano et al. 1984, Sano et al. 1990, van Soest et al. 383 
1998, Pedroni et al. 1999) is not clearly observed at Tacaná. Despite the earlier 384 
discussed heterogeneities, similar high 3He/4He ratios can be preserved as far as ∼5 km 385 
from the main degassing area at the fumarolic field (Agua Caliente and Zarco springs).  386 
 387 
δ
13CCO2 and δ13CTDIC   388 
 389 
δ
13CCO2 values for all free gases range from –3.1 to –4.9‰ (Table 5), generally slightly 390 
higher than MORB values of –6.5±2.5‰ (Pineau and Javoy 1983, Taylor 1986). These 391 
values are typical for gases in volcanic arcs (e.g., Taylor 1986, Marty et al. 1989, Sano 392 
and Marty 1995, Sano and Williams 1996, Pedroni et al. 1999, Shaw et al. 2003). 393 
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Results of δ13CTDIC analyses for thermal waters range from -3.0 to -1.4‰, systematically 394 
higher than the δ13CCO2 in bubbling gases (Table 2 and 5). The observed difference 395 
between δ13CTDIC and δ13CCO2 can be explained by isotopic fractionation among 396 
dissolved C-species and free CO2 (Mook et al. 1974, Inguaggiato et al. 2000). 397 
Fractionation processes are temperature-sensitive and depend on the 398 
HCO3/(HCO3+CO2diss.) ratio. Considering a δ13CCO2 of -3.6‰ (June 2003 FM fumarole) 399 
as representative of the pristine CO2 at Tacaná, we present theoretical temperature-400 
dependent curves for δ13CTDIC vs HCO3/(HCO3+CO2diss.) (Fig. 8, following Inguaggiato 401 
et al. 2000). It is noticed that equilibrium temperatures (50-80°C) are close to spring 402 
discharge temperatures, suggesting near-surface equilibrium for all Tacaná bubbling 403 
gases. Considering the above statements for both free and dissolved C-species, we 404 
conclude that δ13C of the CO2 entering the Tacaná volcano-hydrothermal system has a 405 
value of -3.6±1.3‰,  indicating a clear magmatic origin. 406 
 407 
CO2/3He and gas-water ratios 408 
 409 
It is logical that the large variation in 3He/4He ratios (from 2.6 to 6.9 RA) of the Tacaná 410 
bubbling gases leads to a large variation in CO2/3He ratios (from 9.2x109 to 4.8x1011, 411 
Table 5). The Tacaná case offers a unique opportunity to detail various deep magmatic 412 
and near-surface physical degassing processes at a single volcano, based on CO2/3He 413 
ratios. The similarity in CO2/3He, besides similar high 3He/4He ratios, for fumaroles 414 
(3.5±1.2x1010) and Agua Caliente gases (1.85±0.35x1010) states a magmatic input along 415 
a broad area at Tacaná. The CO2/3He ratios for Zarco springs are clearly lower 416 
(0.95±0.05x109). This can be the result of (1) the higher 3He/4He ratios (as high as 6.9 417 
RA), and (2) the lower CO2 content in the dry gas phase (~75 mol%, Table 3). Especially 418 
for the weakly bubbling Zarco spring, the dissolved CO2 and HCO3 content in the spring 419 
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water will affect the total CO2 budget and, on its turn, the CO2/3He ratios of the spring. If 420 
we calculate the gas-water ratio (Xg(Ar) from 2 to 6 mmol gas/kg water for Zarco, Table 421 
5) as proposed by Taran (2005), the dissolved CO2 and HCO3 account for ~70% of the 422 
total CO2 budget, which results in a correspondent CO2tot/3He ratio of 4.1±0.5x1010 (70 423 
to 80% higher than the CO2/3He ratio without taking into account dissolved CO2-424 
species) (Table 5, dotted arrows in Fig. 9), and thus fitting within the range for the 425 
fumaroles. The CO2/3He ratios for fumaroles, Agua Caliente and Zarco gases 426 
(3.1±1.6x1010) generally fit well within the ranges established for CAVA gases and arcs 427 
worldwide (Costa Rica 5.6±3.2x1010, Nicaragua 4.1±2.5x1010, El Salvador 2.8±1.8x1010, 428 
Guatemala 1.8x1010, worldwide average 1.5±1.1x1010; Sano and Williams 1996, Goff 429 
and McMurtry 2000, Shaw et al. 2003, Snyder et al. 2003) (Table 5 and Fig. 9). 430 
The effect of dissolved C-species on the CO2/3He ratio is less significant for the other 431 
bubbling springs as they represent higher gas-water ratios (Xg(Ar) from 16 to 370 432 
mmol/kg, Table 5 and Fig. 9). Although the direct observation of the bubbling springs 433 
intuitively suspects high gas-water ratios for the visually most vigorously bubbling 434 
springs, this is not always true: e.g., gas-water ratios at the weakly bubbling Toquián 435 
spring (370 mmol/kg) is higher than the ones at the strongly bubbling Agua Caliente 436 
spring (27 to 85 mmol/kg). As the bubbling process will influence the calculated 437 
CO2/3He ratios, its effect should be ruled out before, by rigorously calculating all gas-438 
water ratios at bubbling springs.  439 
A higher total dissolved CO2 content in spring waters defines if a spring liberates a free 440 
gas phase (Table 4) or not, and to which extent a thermal spring bubbles. The CO2-441 
supersaturation for the La Calera springs results in higher CO2/3He ratios (Fig. 9). Non-442 
bubbling springs (Agua Tibia, Barillas and Zacarías) show a N2 supersaturation (Table 443 
4); this higher atmospheric contribution is reflected in lower 3He/4He ratios for dissolved 444 
gases and consequent higher CO2/3He ratios (1.35±0.25x1012). The higher crustal 4He 445 
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contribution (lower 3He/4He ratios at non-bubbling, Toquián, Orlando and some La 446 
Calera gases, 2.75±0.85x1011, Fig. 9) is rather an effect of a longer residence time of 447 
spring waters than of the bubbling state of the spring. Additionally, the bubbling regime 448 
itself seems to directly affect the 3He/4He ratios: it is a fact that the highest 3He/4He 449 
ratios are observed for the springs with the lowest gas-water ratios (Table 5). As He is 450 
less soluble in water than CO2 (Stephen and Stephen 1963), and 3He lighter than 4He, 451 
gases liberated at a weakly bubbling spring tend to enrich in 3He (i.e., Zarco). This study 452 
demonstrates that near-surface degassing processes and vapour separation in an 453 
acqueous hydrothermal systems, such as Tacaná, can strongly affect 3He/4He, and 454 
consequently CO2/3He ratios. 455 
 456 
C-provenance 457 
 458 
The three-component mixing model of Sano and Marty (1995) to calculate the relative 459 
proportions of carbon sources contributing to arc magmas -MORB (M), marine 460 
limestones (L) and organic sediments (S)- confirms that Tacaná volcano is no exception 461 
to the usual situation whereby the mantle wedge is not the major source of CO2 (Marty 462 
et al. 1989, Varekamp et al. 1992, Sano and Marty 1995, Sano and Williams 1996, van 463 
Soest et al. 1998, Shaw et al. 2003, de Leeuw et al. 2007) (Table 5). In particular, we 464 
discuss the results for the Agua Caliente and Zarco springs, who showed stable and high 465 
3He/4He ratios and CAVA-like CO2/3He ratios. For both springs the L-source contributes 466 
for 76.9±0.5%, the S-source for 13.2±1.2% and the M-source for 10.0±0.7% (Table 5). 467 
These values are almost identical than the ones deduced from volcano-hydrothermal 468 
systems in El Salvador (de Leeuw et al. 2007), and fit well within volcanic arcs 469 
worldwide (L = 74.7%, S = 12.5%, M = 12.8%, taken from Shaw et al. 2003). The 470 
limestone contribution for the most magmatic gases at Tacaná is considerably lower than 471 
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at the southern sector of the CAVA, in Nicaragua and Costa Rica (L = 86.4% and 472 
82.3%, respectively, Shaw et al. 2003). The lower L/S ratios for Tacaná (5.9±0.5) and El 473 
Salvador gases (5.6±1.4, de Leeuw et al. 2007) suggest a less carbonate-rich nature of 474 
the subducted sediments beneath the northern sector of the CAVA with respect to the 475 
southern sector (L/S Nicaragua = 11.1±2.1 and L/S Costa Rica = 9.6±4.3, Shaw et al. 476 
2003). The (L+S)/M ratios for Tacaná (9.2±0.7, Table 5), El Salvador (9.4, de Leeuw et 477 
al. 2007) and Costa Rica (10.0, Shaw et al. 2003) are clearly lower than in Nicaragua 478 
(16, Shaw et al. 2003). The high L-contribution (up to ~89%), high variations in 479 
(L+S)/M ratios for the other gases (8.5 to 353, Table 5), avoided in the discussion above, 480 
state that near-surface CO2-reequilibration in an acqueous system are significant at 481 
Tacaná.  482 
 483 
Geochemical model for the Tacaná volcano-hydrothermal system 484 
A geochemical model for the Tacaná volcano-hydrothermal system is proposed in Fig. 485 
10. A cooling magma body at unknown depth (>4 km, De le Cruz-Reyna et al. 1989) 486 
provides magmatic volatiles, mainly CO2 and H2S-SO2, which are absorbed in a deep 487 
neutral geothermal Na-Cl aquifer and mixed with Na-HCO3 enriched meteoric waters. 488 
All waters undoubtedly have a meteoric origin, infiltrating from the higher elevations of 489 
the edifice (see δD in Fig. 10). Group A and B thermal springs on the northwest of the 490 
volcanic edifice, tap two semi-independent aquifers. Group B spring waters reach the 491 
surface in an  already degassed state, while Group A and La Calera springs degasses at 492 
or near the surface. La Calera springs are situated on the southern flank of the volcano, 493 
where the last documented magmatic intrusion occurred ∼1,950 years B.P. preceding the 494 
Peléan-style eruption at the San Antonio dome (Macías et al. 2000). The higher relative 495 
HCO3 contents and lower pH (5.76) for La Calera spring waters might be the surface 496 
manifestation of a relatively young degassing magma body. For their geographical 497 
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position, their higher relative HCO3 content and their lower temperatures, the presence 498 
of a third independent aquifer south of the volcano seems logical. The three aquifers 499 
feeding the thermal springs are located at the contact between the granitic basement and 500 
the more permeable volcanic edifice. 501 
The fumaroles are fed by a boiling aquifer, originated from meteoric waters from the 502 
upper 1,000 meter of the volcanic edifice. The chemical composition of all gases at 503 
Tacaná infer a CO2-dominance and a significant influence of meteoric components 504 
(ASW). The debris avalanche deposit (1 km3 Agua Caliente deposit, Macías et al. 2004), 505 
together with the relict fault scarp on the northwest flank are highly permeable (García-506 
Palomo et al. 2006). These structural and morphological features might function as a 507 
transport pathway for the infiltrating rainwater and upwards migrating gases. This also 508 
explains the high similarity in chemical (CO2-dominance) and isotopic (He-C) 509 
composition between fumarolic and some bubbling gases (Agua Caliente and Zarco). 510 
The May 1986 phreatic explosion obviously occurred due to a vapour pressure rise in the 511 
near-surface system.  512 
 513 
Conclusions and implications for future geochemical monitoring 514 
This study interprets the first comprehensive data set of the chemical and isotopic 515 
composition of thermal springs, free (bubbling and fumarolic) and dissolved gases at the 516 
active Tacaná volcano-hydrothermal system, and aims to serve as the baseline for future 517 
geochemical monitoring. 518 
(1) Thermal waters are of a near-neutral HCO3-SO4 type, thought to be generated by the 519 
absorption of a H2S/SO2-CO2 enriched steam inside a deep Cl-rich geothermal 520 
aquifer, mixed with Na-HCO3 enriched meteoric waters originating from the higher 521 
elevations of the volcanic edifice. 522 
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(2) The fumarole condensate results from near-surface boiling processes of summit 523 
meteoric ground water, resulting in an extremely light isotopic composition (δD 524 
from -110 to -128‰ and δ18O from -15.5 to -19.9‰). Fumaroles as well as spring 525 
bubbling gases are CO2 dominated and show a significant air-ASW contribution. 526 
(3) The rising CO2 has a magmatic origin, demonstrated by a δ13CCO2 of -3.6±1.3‰. The 527 
3He/4He ratios for fumarolic and bubbling gases are highly variable (from 2.6 to 6.9 528 
RA), and sometimes variable with time (La Calera). The highest 3He/4He ratios are 529 
detected at the Agua Caliente (6.0 to 6.2 RA) and Zarco springs (5.6 to 6.9 RA), 530 
similar to 3He/4He ratios for fumarolic gases (5.1 to 6.6 RA), indicating magmatic 531 
degassing along a broad area of the Tacaná edifice. Despite this partly homogeneous 532 
degassing, most bubbling gases are affected by an enhanced 4He contribution from 533 
the crystalline basement, resulting in low 3He/4He ratios for dissolved gases at non-534 
bubbling springs (1.3 to 1.8 RA) and Toquián (4.6 RA), Orlando (3.8 RA) and La 535 
Calera bubbling gases (as low as 2.6 RA). 536 
(4) The CO2/3He ratios for the most magmatic gases (fumaroles, Agua Caliente and 537 
Zarco) range from 1.5x1010 to 4.7x1010, after correcting for the high dissolved CO2 538 
and HCO3 contribution in the total CO2-budget for the weakly bubbling Zarco 539 
spring. The 3He/4He ratios, as well as the CO2/3He ratios, fit well within the values 540 
for the CAVA and arcs worldwide. In detail, the relative proportions of C-sources (L 541 
= 76.9±0.5%, S = 13.2±1.2% and M = 10.0±0.7%), and the resulting L/S (5.9±0.5) 542 
and (L+S)/M ratios (9.2±0.7) coincide extremely well with the values found for the 543 
northern sector of the CAVA (El Salvador: L/S = 5.6±1.4 and (L+S)/M = 9.4). These 544 
values indicate an enhanced slab contribution until the northern extreme of the 545 
Central American subduction zone. 546 
(5) Considering the large similarity in isotopic and chemical composition between the 547 
Zarco and Agua Caliente bubbling gases and the fumaroles, we stress the importance 548 
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of targeting these northwestern springs during future monitoring. Moreover, the 549 
Zarco and Agua Caliente spring are more easily to reach (1,500-2,000 m a.s.l.) than 550 
the near-summit fumarolic field (3,600 m a.s.l.). The more acidic, CO2 enriched and 551 
vigorously bubbling southern La Calera springs might be related to the last magmatic 552 
event at Tacaná (1,950 B.P., Macías et al. 2000), and are thus an additional 553 
monitoring tool. Considering the lower elevations of the thermal springs, a new pulse 554 
of magmatic gas input could first affect the bubbling gas chemistry before changing 555 
the fumarole degassing regime. 556 
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Table 1 Chemical composition (in mg/l) of Tacaná thermal (A-B-C), cold spring (CS) and river waters (RW), expressed in mg/l. Q is 
the discharge of the spring or river (in kg/s), Eh is expressed in mV. TDS: Total Dissolved Solids. nm: not measured, na: not 
analyzed, bdl: below detection limit 
 
nr. Group Sample N W Date Q T(°C) pH Eh SiO2 Na K Ca Mg Li F Cl SO4 HCO3 TDS Ref.
1 A Toquián 15°10’30" 92°09’16" 26/02/03 ~5 62.9 6.35 -95 200 631 61 342 142 1.52 bdl 543 1203 1110 4034 *
1 A Toquián " " 04/03/05 ~5 63.0 6.35 299.5 na 536 52 245 128 1.17 bdl 443 995 903 3303
2 A Agua Caliente 15°10’06" 92°09’19" 26/02/03 ~1 51.1 6.34 5.8 216 452 59 309 151 0.83 0.24 371 987 1025 3355 *
2 A Agua Caliente " " 02/03/05 ~1 50.1 6.33 -51.6 na 405 57 301 154 bdl bdl 354 977 1000 3249
3 A Orlando 15°10’03" 92°09’16" 27/02/03 <0.5 44.2 6.36 65.9 164 374 54 250 121 0.60 bdl 297 840 824 2760 *
3 A Orlando " " 02/03/05 <0.5 45.5 6.68 -26.4 na 399 59 287 144 0.71 bdl 341 948 930 3109
4 B Agua Tibia 15°09’18" 92°08’25" 27/02/03 <1 32.1 6.08 319 107 84 13 40 29 bdl 0.32 35 177 229 608 *
4 B Agua Tibia " " 03/03/05 <1 31.7 6.9 120 na 81 14 41 30 bdl 0.24 37 181 232 617
5 B Barillas 15°09’32" 92°08’25" 27/02/03 >40 38.9 6.54 274 121 130 19 64 39 bdl 0.18 65 278 314 910 *
5 B Barillas " " 03/03/05 >40 40.3 6.49 85 na 126 19 67 42 0.09 0.41 57 276 311 898
6 B Zarco 15°08’58" 92°08’15" 28/02/03 ~2 45.0 6.2 2.6 143 188 28 82 64 0.69 0.31 100 454 342 1258 *
6 B Zarco " " 04/03/05 ~2 47.1 6.39 -68 na 177 29 82 69 0.25 0.47 89 476 354 1275
7 B Zacarías 15°09’04" 92°08’19" 28/02/03 <0.5 39.0 6.09 313 128 107 18 46 32 bdl 0.25 40 217 271 732 *
8 C La Calera 15°04’53" 92°07’50" Apr-97 ~3 29.3 6.44 nm 103 151 22 179 100 0.28 0.16 27 438 955 1872
8 C La Calera " " Apr-97 ~3 26.0 6.28 nm 91 102 15 120 65 0.17 0.12 17 282 626 1227
8 C La Calera " " 24/02/03 ~3 26.8 5.82 299.5 106 124 17 137 74 0.41 0.05 21 282 759 1414 *
8 C La Calera " " 28/02/05 ~3 25.7 5.76 -6.5 na 106 16 131 74 bdl bdl 23 272 683 1305
- CS Santa María 15°03’43" 92°08’04" Apr-97 ~10 21.0 6.03 nm 73 19 6 30 9 0.02 0.07 17 14 141 310
- RW Río La Calera - - 2/24/03 nm nm nm nm na 27 5 38 14 0.14 0.09 5 47 210 348
- RW Río Toquián - - 2/26/03 ~800 nm nm nm na 243 23 178 63 1.04 0.14 216 507 500 1731
- RW Río Zarco - - 2/28/03 ~30 nm nm nm na 150 23 71 55 bdl 0.34 80 406 296 1082
* Rouwet et al. 2004 
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Table 2 Isotopic composition (δ18O and δD, expressed in ‰ vs V-SMOW) of thermal 
(A-B-C) and cold spring waters (CS), river waters (RW), lake (L), fumarole 
condensates (FC), rainwater (R). δ13CTDIC for thermal spring waters, expressed in ‰ 
vs V-PDB. -: no data available 
 
nr. Group Sample Date elevation δ18O δD δ13CTDIC
1 A Toquián 26/02/03 1570 -10.5 -81 -1.5
1 A Toquián 4/03/05 1570 -10.8 -75 -
2 A Agua Caliente Apr-97 1625 -8.7 -72 -
2 A Agua Caliente 26/02/03 1625 -10.6 -80 -2.1
2 A Agua Caliente 2/03/05 1625 -11.3 -78 -
3 A Orlando 27/02/03 1630 -10.0 -77 -2.1
3 A Orlando 2/03/05 1630 -10.8 -76 -
4 B Agua Tibia 27/02/03 1980 -10.0 -69 -3
4 B Agua Tibia 3/03/05 1980 -10.6 -73 -
5 B Barillas 27/02/03 1910 -10.1 -74 -1.4
5 B Barillas 3/03/05 1910 -10.9 -74 -
6 B Zarco 28/02/03 2160 -10.4 -77 -
6 B Zarco 4/03/05 2160 -10.9 -75 -
7 B Zacarías 28/02/03 2090 -9.9 -73 -1.7
8 C La Calera Apr-97 1260 -11.6 -71 -
8 C La Calera Apr-97 1260 -10.7 -68 -
8 C La Calera 24/02/03 1260 -10.3 -70 -2.8
8 C La Calera 28/02/05 1260 -10.6 -70 -
- FC Pool fumarolic field 6/06/03 3620 -13.8 -109 -
- FC FS condensate 6/06/03 3620 -15.9 -110 -
- FC FS condensate 1/03/05 3620 -19.9 -128 -
- FC FN condensate 6/06/03 3620 -16.1 -112 -
- FC FN condensate 1/03/05 3620 -19.8 -126 -
- FC FM condensate 6/06/03 3620 -15.5 -110 -
- FC F San Antonio 2/03/05 3800 -18.4 -115 -
- CS Santa María Apr-97 1010 -7.9 -46 -
- CS Mixbal Apr-97 - -10.8 -67 -
- CS Papales Apr-97 2970 -10.7 -72 -
- CS Papales Apr-97 2970 -11.7 -80 -
- CS Papales 3/02/05 2970 -12.3 -79 -
- CS Tac 3 Apr-97 1050 -5.9 -51 -
- CS Tac 4 Apr-97 - -6.2 -56 -
- RW Río Toquián 26/02/03 1570 -5.9 -60 -
- RW Río Toquián 4/03/05 1570 -11.2 -74 -
- RW Río Toquián 26/02/03 1570 -9.4 -71 -
- RW Río La Calera 24/02/03 1260 -8.6 -62 -
- RW Río Zarco 28/02/03 2160 -9.7 -73 -
- L Lake 7/06/03 3880 -13.2 -94 -
- R Rain Unión Juárez Apr-97 1300 -4.2 -14 -
- R Rain water Apr-97 - -9.2 -60 -
- R Rain summit 7/06/03 3950 -16.2 -116 -
- R Rain Papales 2/03/05 2970 -5.1 -23 -
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Table 3 Chemical composition of Tacaná fumaroles and bubbling gases at thermal springs. All but the He (ppm) contents are 
expressed in mol%. H2O content is expressed in mmol/mol. Data for N2 and Ar are corrected for air contamination, with N2 atm 
calculated using the N2/Ar ratio ASW at 5°C and 0.7 atm (36.7), the atmospheric pressure and temperature at the main meteoric 
recharge area for the springs, applying methods as described in Hilton et al. (2000). Data for 1986 fumaroles are shown for 
comparison and were compiled from Medina (1986) (three mean values <F1>, <F2> and <F3> for a total of six fumarole samples) 
and Martini et al. (1987), also being corrected for air contamination. N2/Ar ratios are also shown 
 
nr. Group Sample Date T(°C) H2O CO2 Stot N2 Ar He (ppm) H2 CO CH4 N2/Ar Ref.
- F FM 06/06/03 89 879 83.5 7.04 9.31 0.085 1.9 0.011 0.01 0.003 110
- F FM 01/03/05 89 - 67.5 3.52 28.6 0.33 8.7 0.093 - - 88
- F FS 06/06/03 89 878 71.8 6.79 21.1 0.2 2.9 0.066 0.01 - 106
- F FS 01/03/05 89 - 64.5 4.04 31.0 0.38 3.8 0.005 - 0.002 81
- F <F1> 1986 89 965 97.9 0.73 1.17 0.001 13 0.14 - 0.006 1170 §
- F <F2> 1986 89 938 98.5 0.55 0.66 0.0005 5 0.32 - 0.004 1320 §
- F <F3> 1986 89 974 97.7 0.77 0.92 0.001 10 0.58 - 0.006 920 §
- F F Martini 1986 89 987 86.3 12.1 1.52 - - 0.07 - 0.012 - #
1 A Toquián 26/02/03 62.9 - 97.4 - 2.60 0.012 0.63 0.0003 - 0.016 217 *
1 A Toquián 04/03/05 63.0 - 99.8 - 0.16 0.004 0.70 - - 0.006 40
2 A Agua Caliente 26/02/03 51.1 - 94.8 - 5.18 0.055 7.1 0.006 - 0.0004 95 *
2 A Agua Caliente 02/03/05 50.1 - 94.4 - 5.56 0.02 - - - - 284
2 A Agua Caliente 02/03/05 50.1 - 94.6 - 5.35 0.017 5.0 - 0.0001 0.002 306
3 A Orlando 27/02/03 44.2 - 90.7 - 9.20 0.09 5.9 0.001 - 0.012 102 *
3 A Orlando 02/03/05 45.5 - 95.2 - 4.80 0.039 - - - - 123
3 A Orlando 02/03/05 45.5 - 99.1 - 0.87 - 0.37 - - - -
6 B Zarco 28/02/03 45.0 - 74.0 - 25.5 0.21 9.0 - - 0.36 120
6 B Zarco 04/03/05 47.1 - 75.4 - 24.0 0.53 8.53 - - - 46
8 C La Calera 24/02/03 26.8 - 99.3 0.69 0.007 0.80 - - 0.002 99 *
8 C La Calera 28/02/05 25.7 - 99.9 - 0.07 - - - - - -
8 C La Calera 28/02/05 25.7 - 99.0 - 0.97 0.011 0.81 - - - 86
- - Air - - - 0.034 - 78.08 0.934 5.24 5E-05 - 0.0002 83.6
  
§ Medina 1986 
# Martini et al. 1987 
* Rouwet et al. 2004 
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Table 4 Chemical composition of dissolved gases in thermal spring waters (February 2003), expressed in mmol/kg. Dissolved gases 
in meteoric water (ASW) are given for an ambient temperature of 5°C and 0.7 atm, the pressure of the main meteoric recharge area 
for Tacaná springs. Dissolved CO2 (CO2 sat) and N2 (N2 sat) in waters are shown for the pressure at the height of the respective spring 
discharge. -: no data available 
 
nr. Group manantiales CO2 CO2 sat N2 N2 sat He CO CH4
1 A Toquián 9.5 13.6 0.68 0.41 2.7E-07 1.3E-06 4.9E-05
2 A Agua Caliente 12.9 16.4 0.27 0.43 2.9E-06 - 1.7E-04
3 A Orlando 12.1 18.7 0.50 0.45 2.6E-06 - 1.1E-04
4 B Agua Tibia 6.9 24.0 0.53 0.50 2.7E-06 - 7.1E-05
5 B Barillas 3.0 20.6 0.56 0.47 3.9E-06 1.2E-05 3.6E-04
6 B Zarco 5.4 17.2 0.47 0.42 3.6E-06 5.4E-05 1.1E-04
7 B Zacarías 5.7 19.8 0.50 0.44 2.9E-06 - 9.8E-05
8 C La Calera 28.4 28.7 0.24 0.57 3.1E-07 1.9E-05 1.5E-04
- - ASW (5°C/ 0.7atm) 0.0131 41.8 0.48 0.62 1.49E-06 - -
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Table 5 He and C isotope composition of free and dissolved gases from the Tacaná volcano-hydrothermal system. 3He/4He (expressed 
as R/RA, with RA = 3He/4HeAIR: 1.40x10-6) and δ13CCO2 expressed in ‰. M: MORB provenance, L: marine limestone provenance, S: 
organic sediment provenance. The last column (diff.) indicates the difference between CO2tot/3He and CO2/3He. - : no data available, 
BG: bubbling gases, DG: dissolved gases, F: fumaroles. Xg(Ar) = 1.5/CAr–1.05xPt (Xg(Ar) in mmol/kg), with CAr the Ar content in 
the free gas phase (in mol%), and Pt the total pressure (atm) at the sampling site (Taran 2005). “% diff” expresses the difference in % 
between CO2/3He and CO2tot/3He 
 
nr. Group type Sample Date δ13CCO2 R/RA R/RA c He/Ne L(%)£ S(%)£ M(%)£ L/S (L+S)/M Xg (Ar) CO2/3He CO2tot/3He % diff
- - F FM 06/06/03 -3.6 3.5 6.6 0.6 85.5 11.3 3.2 7.6 30.3 - 4.7E+10 - -
- - F FS 01/03/05 - 3.8 5.1 1.0 - - - - - - 2.3E+10 - -
- - F FN 06/06/03 - 3.8 6.1 0.7 - - - - - - - - -
1 A BG Toquián 04/03/05 - 4.3 4.6 3.9 - - - - - 370 2.2E+11 2.3E+11 4
2 A BG Agua Caliente 26/02/03 -4.9 6.0 6,2* 10.0 76.4 14.3 9.3 5.3 9.8 27 1.5E+10 3.4E+10 54
2 A BG Agua Caliente 02/03/05 - 5.9 6.0 20.3 - - - - - 85 2.2E+10 2.7E+10 17
3 A BG Orlando 27/02/03 -4.7 - - 2.5 - - - - - 16 - - -
3 A BG Orlando 02/03/05 -4.7 2.2 3.8 0.6 86.6 13.1 0.3 6.6 353 38 4.8E+11 6.9E+11 30
4 B DG Agua Tibia 27/02/03 - - 1.8 0.4 - - - - - - - 1.6E+12 -
5 B DG Barillas 27/02/03 - - 1.3 0.6 - - - - - - - 1.1E+12 -
6 B BG Zarco 28/02/03 -4.3 4.8 5.6 2.0 77.4 12.0 10.6 6.4 8.5 6.2 1.1E+10 3.6E+10 71
6 B BG Zarco 04/03/05 - 6.0 6.9 2.1 - - - - - 1.9 9.2E+09 4.6E+10 80
7 B DG Zacarías 28/02/03 - - 1.7 0.7 - - - - - - - 1.5E+12 -
8 C BG La Calera 24/02/03 -3.1 5.3 5,7* 4.2 88.9 10.1 1.0 8.8 104 213 1.6E+11 1.9E+11 16
8 C BG La Calera 28/02/05 - 2.5 2.6 3.6 - - - - - 135 3.3E+11 3.6E+11 8
- - - Air - - 1 1 0.2882 - - - - - - 4.28E+07 - -
 
* Rouwet et al. 2004 
 
£ Sano and Marty (1995) equations: 
(1)  (13C/12C)obs = (13C/12C)M M + (13C/12C)L  L + (13C/12C)S S    With: (13C/12C)M = 1.1147x10-2   (12C/3He)M = 1.5x109 
(2)   1/(12C/3He)obs = M/(12C/3He)M + L/(12C/3He)L + S/(12C/3He)S    (13C/12C)L  = 1.1220x10-2  (12C/3He)L = 1013 
(3)  M+L+S =1          (13C/12C)S = 1.0883x10-2  (12C/3He)S = 1013 
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FIGURE CAPTIONS  
 
Fig. 1 a Location map of Tacaná volcano in the Central American Volcanic Arc 
(CAVA). Transmexican Volcanic Belt volcanoes are Po: Popocatépetl, I: Iztaccíuhuatl, 
Pi: Pico de Orizaba, moreover SM: San Martín, and El Chichón. Black triangles: CAVA 
volcanoes, MAT: Middle America Trench, MPFS: Motagua-Polochic Fault System, DF: 
Mexico City. b Thermal manifestations of Tacaná volcano-hydrothermal system. 
Thermal springs: (1) Toquián, (2) Agua Caliente, (3) Orlando, (4) Agua Tibia, (5) 
Barillas, (6) Zarco, (7) Zacarías, and (8) La Calera. F: near summit fumarolic field, FSA: 
fumarolic field San Antonio dome  
 
Fig. 2 Temperature (°C) vs TDS (mg/l) for Tacaná thermal spring waters. Numbers as in 
Fig. 1 
 
Fig. 3 Anion mixing plots for Tacaná thermal waters. a HCO3 , and b SO4. Numbers as in 
Fig. 1 
 
Fig. 4 Cation mixing plots for Tacaná thermal waters. a Na-K-Ca-Mg for Group A, B and 
C waters, and b rescaling of Fig. 4 a for Group B and C waters. Numbers as in Fig. 1 
 
 
Fig. 5 a δ18O vs δD diagram for thermal spring waters, fumarole condensates, river and 
cold spring waters and rainwater at 4,000 m a.s.l. (s), 3,000 m a.s.l. (Papales, p), 1,200 m 
a.s.l. (Unión Juárez, j). b Detail for thermal spring waters, cold springs and river waters. 
WRI: Water-Rock interaction processes. Numbers as in Fig. 1 
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Fig. 6 Cl vs δD diagram for Tacaná thermal spring waters. The unusual negative trend 
indicates that thermal spring waters originate from meteoric waters (Río La Calera 
sample δD = -62 ‰, Table 2) infiltrated from the higher elevations of the volcanic 
edifice. Numbers as in Fig. 1 
 
Fig. 7 He/Ne vs 3He/4He (R/RA) diagram for free gases (fumarole and bubbling gases) at 
Tacaná volcano-hydrothermal system. The 3He/4He magmatic end-member for Tacaná 
gases (3He/4He ∼6.0±0.9 RA) is well within the range for Central American volcanoes 
(5.97±1.44 RA (1), Hilton et al. 2002) and volcanic arcs globally (5.37±1.87 RA (2), 
Hilton et al. 2002). Ranges in 3He/4He for TMVB (6.85±0.65 RA (3), Polyak 2000, Taran 
et al. 2002b, Varley and Taran 2003) and El Chichón (7.4±0.7 RA (4), Taran et al. 1998, 
Rouwet 2006). Numbers as in Fig. 1 
 
Fig. 8 HCO3/(HCO3+CO2diss) vs δ13CTDIC diagram for Tacaná spring waters (modified 
from Inguaggiato et al. 2000). Taking δ13C = -3.6‰ of the fumarole as the pristine CO2 
for the Tacaná volcano-hydrothermal system, the slightly higher δ13CTDIC values for 
thermal spring waters can be explained by a fractionation effect depending on 
HCO3/(HCO3+CO2diss) and temperature. Numbers as in Fig. 1 
 
Fig. 9 CO2/3He vs R/RA diagram for Tacaná fumarolic, bubbling and dissolved gases. 
The values for MORB (CO2/3He = 1.41x109 and 3He/4He = 8±1 RA, Marty and Jambon 
1987, Poreda and Craig 1989) and CAVA (CO2/3He = 8x109 to 6x1010 and 3He/4He = 
5.97±1.44 RA, Hilton et al. 2002, Shaw et al. 2003, de Leeuw et al. 2007) are shown for 
comparison. Numbers as in Fig. 1. The small symbols are CO2tot/3He ratios for the same 
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sample, considering the relative proportions of dissolved CO2 and HCO3 in the total C-
budget. 
 
Fig. 10 Conceptual model for Tacaná volcano-hydrothermal system. Crystalline 
basement (X) is separated from the volcanic edifice by dotted diagonal stripes (~main 
geothermal aquifer). Thermal springs Group A, B and C (La Calera) are signed by A, B 
and C, respectively. Water infiltration pathways in full black arrows. Gas migration 
pathways in black dotted arrows. Agua Caliente debris avalanche deposit in grey. Inset: 
detail of the near summit fumarolic system. Data for δD in grey boxes are values for 
thermal spring waters and fumarole steam condensates, while the others are ratios for 
meteoric waters at the respective heights of the volcanic edifice. The magma body at 
unknown depth (>4 km, De la Cruz-Reyna et al. 1989) has a probable age of 1,950 years 
B.P. (Macías et al. 2000) and is supposed to be the last intrusive body at Tacaná Volcanic 
Complex, beneath the San Antonio dome (SW). ASW: Air Saturated Water 
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Fig. 2 Rouwet et al. 
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Fig. 3 Rouwet et al. 
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Fig. 4 Rouwet et al. 
 
 
 
 
 44 
 
 
 
 
 
Fig. 5 Rouwet et al.  
 45 
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Fig. 7 Rouwet et al.  
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